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Poraweord

The evalanche theory, that is, the passage through matter by high-energy
alectrons and photons, opriginated in 1937. Even during ite ecrly atage of develop-
ment this theury sclved many knotty problems in cosmic rays, especially the problem
of the formation of cosmic ray'shcvere. Althrugh the avalsnchs theory was spplied
to & limited field of Dhenowens in cosmic rays, the thecry sesus sssentially to be
a wnigue unified thecry. of Bosmic radiaticm, It explains tha vigoroms developmsnt
of the cosmic ray theovy in the past 10 yesra. The work of Sovist physicists hes. . S
teen imporiant to the fcvelopment of the avalenche tueory. Results of this work : ;
include the methnd of eolving the basic egnations of the theory, the estaPliehment
of the "soft” churacter of the avalanche particles' spectrum, the basic results with
respect to the ecAitering of sTalanche particles, the thsory of Auger showera, and

+ha aalahi-m af manw rthaw vwreahl ama .

In 1941 o sussary of the avalanche theory appeared in an article by Rossi and
Greisen entitle’ "Coamic Reys,” nw available in Russian transiation. Tu epite of
the merits of this cummary, it 1s incomplete and in part obgblete. The rresent
vork 13 mainly devoted to the problels wcrked cut in recent years. The baeis for
thim dook 1e the work 7 Iuriet rhgsicists and theoreticlans, among whoi we mist
firat mention the work of L. D. Tandeu and I, Ts. Tamm, A considerabtlo part Of
thie book has been written or the basis of ths work of the author himself.

This book discusses the theory of the slectromagnetic intsractione of high-
onergy olectrons ard pnotons with maibtor. Rxpsriwental date 1s druwn only to
1Uuatrate the moet lmportast conclvsicns, namely, the "soft” nature of the spactrum
and mesct spin,

The author expresses hie gratitude to I, ¥s, Tamm and L. D. Iandau for thelr

--1::"&1— alad am n—-l Lnmbams ad § acn nu‘ alam +n s W Taw APNCY 8 nnA v I v-b-'ln'— fﬂ-

BT AUT GLU esas v W vateay QAT WO ae st vOL -k

their discussion of many probleme,

Introénction

Wo 8hall not touch upon here the muclear proceores in cosmie rave, although
thesa procespses are of great interest for present-gay physica, The thaorctical -
explanation of muclear processes, to which ths origin of the mesor 1s related, the
interaction of protons and neutrons with matter in the region of very high energles,

"stars,” -~ at present all these meet with great difficuities in regard to principlew
(Sympos..m on the Meson, edited by I. Ye. Tamm, GITI, IS47).
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. Op the other hand, the study of the electomsgnetlc interaction of cosmic
. \ radintion with matter is based uvon the succesaive applications of quantum~

’ relativistic elactrodynamice whick heas heen successfully applied up tc naw to
variois sreay in physice. The extrapcistion of the ordinary quentum-mschardcal
16ws to the field of extremely -igh ensrgles is the specific method used for the
problems of this book. The doubts that oxisted several years sgo concerning the
possibility 8f such an extrapolation turned out to be unfounded.

The application of quantum electrodynamics to cosmic radlation has lad to
very fTraitful results and permitted ome to tesr down both the quantitative &nd the
qualitative walls sround the phenomena studled. Moreover, by relying on the quantum-
machanical %theory, which hat been worked out thorougaly enough during the study of
cosmic rays, one can hope to separate the Fleld of toamic phenowena which 1s
connected with apecificmiclear interections from the £101d of pheuomenz which le
due to electromagnetic inbtersctions. Such a separation seoms possible and very
important for the construction of o theary of micleer effects. .

In the lovestigstion of the electromegmetic actiom of cosmic redlation the
Anteraction of slectrons =nd photons with metter is most essential and interesting
{benceforth in thi# book, by the term "slectron” we snall mean ioth electrens and
positrons). ‘

Paseing through mstter, electrons and photons ¢f high emorgles teke part in
tbe tollowing procesges: (1) radiational retardation {slectrons); (£) processses
of pair-forzation [photors); (3) lonlzetion losess (electrons); (%) Compton effect "~
(ohotona); and (5) Rutherford ecatterirg {electrons).

These processes, with the excsption of the latter two,ere discussed in Chapter

- e N PEETR T AL LAV AP Rl N e -
1 0l Lue prévenc vuis. s wae Tisld oF ...c,‘.‘. .,...J.‘gi-‘.: an Armavtant wala 13 nlavad

by the first two procceses. Bhabha and Hoitler (Froa. Ry. Boc. 139, 432, 1937),
and also Carleon and Oppenhelmer (Phye. Rev, 51, 220, 193 7), in 1937 showud for the
first time that thecs processes should lead t» the fcrmation of electron and photon
"showers.® Having been stopped (retarded) inthe muclear fleld, the clectron créates
e photon of energy equal in crder of magnitude o the energy of the firet electron.
The high-energy photon can form with defluite probability an electror-posicron pair.
Each component of the pair, being dubjected to radiational retardation, rsdiates
a phoeton and so on, After many repetitions of sueh processes we obtain, irstead
of the initial electron, u great nuamber of photons end charged particles of both
sigone. Duwring all this, hcwever, the enorgy of the original is being broken up;
sherefiwe, ths rurber of perticles witi emergy greater than a giver one &t first
increases up to & cértain maxfmum and after that the ecnergy quic'ly falls to zero.
The bebavior of the alectrons and photoms during all thig is naturally *o be deacribed -
bty soms integral equations, such a3 the so-called equatione of the caecade theory.

In Bhabha‘s and Heitler’s works, and also Carlson's aud Oppscboimer's, the
basic equations of the theory wers solved only approximetely. In the vork cf the
Soviet theorstician Landsu (B, Iandew azd G. Rumer, Proc. Roy. Bee. 1£5, 213, 19369,
there was dsvelopad a very comvenient and complex metihematical method -F orlficg
the-equations of the cascade theory, by relyiag upon the Laplace-Mellin tvanstmwatioc,
These works wors an impcriant step in the study of cosmlc raye. They permitted ons
to clarify qualifativsly the “shower” of partlcles aprearing in a Wilson cloid naamber,
and they also elded in revealing a new perticle, namely the meson. Along with the
developument of the showe~ and with the decreasing enirgy going intc the shower's
particles there begins to emerge encther importart role, that played oy ionization
losses of electrons and by the Compton effect. Ir afditlom, the apymptutic terms
for the processes of radiaticnal retardstion endpeir-‘ormetion, which terms wvere
smploysd in the a‘pwe-mntioned works and whick hold true for high snergies, aro
vory inaccurats in the ares of low erergles, especially Por light élemsnts, Without
an, sccurate acccunt of the indicated factord in the cascads theory ome cannot answer -
tho mapy queations, interesting from the experimsntal point of view, and only purely
qualitative results can be given. By taking the aBove-mentioned proceeses into
eonslaeration, we shall cbtain for the d1atribution function of the electrons and
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photons very camplicated‘ integro-differential equatlons; thely solution by lmaana
of the Laplace-Msllin method encounters great 3ifficulties.

In the course of the past 10 yeara, attempte have been undertaken to make
the cascade theory more accurate and precise, The first ofsentlal progress vas
made by Bnyder's works (Phys. Rev. 53, 960, 1938) and Serber's (fhys. Rev. 5k,
317, 1938), in which they solved the equations of the cascade thecry, taking into
uonslderation ionization losses. As a result they cbtained the so~called cescuds
curve, thaet 1s, tie full muber of particles as a function of the depth of the
layer penetrated by the shower. Piraotly, hovever, in the expression obtained by
Enyder and Serber thers was introduced a complicated fundtion, taken from an
squation in finlte differences, only holding true for integral valnes of the
varieble (ergumsnt); secondly, and more gesentlal, these suthors obtained the
distritutica of electrons and photons with respect to the energiss in the shower,
“thus solving only part of the problem.

In many works on the thsory of showers, and in cowperatively recent ones
(W. Esisenberg, Eosmische Btrahlung, 1943), the authors employ an emergy Aistritn-
tion spectium of electrons, calculated by Arley (Proc. Roy. Soc., 168, 519. 1938,
end Arley, Frixoen, Denske Videnskabernes Selskedb, 17, & 11, 1940) taking into
congideretion the ionizatlon losses approximately. Meantime, Arley's spectrum ' e
apyesrs to be roughly inaccurste (as shcwn im section 1) of +hie book), and farther SR
study leade %o a lower evaluation »f the rumber of slectrons with low energles.

In the works of Bhabha and Chelaberty (Proc. Roy. Soe. 181, 267, 1943, and
Proc. Ind. Aced. Scl. 15, 464, 1942) there is developed their cascade thecry whibh.
takss into account ionization losses and arrives at an expreesion for the full
mmber of particles; this expression differs from the cne cbtained by Snyder end
Serber. in BeCT1ON 14 OI TOAS DLVK it iu Bluws vikal sueuvke s omid Chalzataziy's
methold alsc leads to en undereetimate of tha mumber of low-energy particles,
althobghk in lesser degrss than Arley's calculations. The difference of Bhabha's
and fhakeabarty's remults from those of Snyder's and Serber's ie explained by
thie underestimats, unl also the orrore of their conclusiona pertalning to the

energy spectrum of tiis ejsctrons.

In the work of Corben (¥hys. Rev. 60, 435, 1944), an attemps 1 made to com-
gtruct a cascade theory, with more accurate expressions for the croes section of
pair-formation in heavy particles +aken into consideration, A criticlem of this
wurk 18 glven in section 18 of Charter V of thia book.

Thne, in the clted works, %the processss existing in the field of low eusrgleo
are conaidersd eithor for separate problems or roughly approximate.

Chapter 1I Adiscussas the cascade tneory for the field of high energies.

In Chapter III a rroblem is proposed to find the full solution of the basic
equations of the cascade theory, including radiatiomel retardation, peir-formation
{whoso cross-section is given in en asymptotic form, kolding true in the case of
complete soreening), and ionization l:isses,

By applying tne Iaplace-Mellin transformation with respect to the varisble
B, the energy of a purticle, and tle Ilaplace transformation with respect to t, the
thickness of the layer penetrated, ore can reduce these equations to an equation
in finite Aifference, which wae successfully sclved. The latter transformation
vas firet applied by the euthor ir 19%0. (DAN 33, 609, 1941). In addition, &
certaln functicn entering this solution ie replaced by an expression closely
approximating 1t in tke varlables' transformetion region., In the cese where ioni-
zaticn lossus are dieregarled, the approximating funrtion leads to a pimilar one
uhich ie also accurate. By meaens of a transformation to the plane of complex
variables, the sclution succeeds in presenting the form of a potential series in
torms of the emall parametor P/E,, where ¢ 1s the so-called "eritical” emergy
(see Chapter II) and E, iB the energy of the origimal particle.
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Limiting cureelves t0 the first Verm of this power-series expension, we
shall obtain a functlon which gives the dependenco of the full mumber of particles
upon ths depth t of the lager, and aleo ths enorgy distributicn spectrum for any
depth t. If desired, 1t 1s possible to exiract even succeeding terms of the
erpansion; theme glve, however, for the majority of interesting cases, only
smell corrections, that is, the first term 1s sufficlent without the second, etc.

The full mumber of particles caleulated in this msnner are obtained in the
Torm of an Integrel in the complex-number plane. This integral is analogous to
ths corresponling integral calBulsted by Snyder and Serber. Howsver, in prace
of cne «f the integrands, which is determined by Snyder emd Serber tnly for
integral valuee of the variable (argument), we have in our case sstablished an
eoalytic fumétion (compiex) which assumes for integral valude of the Fariable
{srgamsnt ) the same velues which ars in Snyder's and Serber's function. Obvicubly
thle integral is caloulated by Sommerfsld’s methed of "paesing™, given by the first
two nonldisappearing terms in the expansion of the logarithm of ths imtegrand functicn
in the form of Tuylor'e serles, which correeponds to the fivet term of the expemsion
of the solution 1n a pstential meries of the quantity (log E,/<® )}-1. Although #/Eo
is a emall quantity, ths logaritim of Eo/f san not be very large. For showers tormed
by the olectrons of the atmosphere in lead, 1t i8 of the order of magnituds 5. There-~
fore, during the caleulstlon of the integral, we employed, 1n the expansior of the
logarithm of the integrand function, terms of higher order and the expresaicn chbains
by us ie thus accurate Tnlly up to quamtities of the order (log E, /@ )-2. :

In 15%9 5 L. Yo, Tamm and the author obtained an "equilitritm” slsctron-snergy :
distribution-spectrum which was "neutralized™ (averaged, etc.) with respect to the
total cascade curve. It was obtalned as a result of solving the ®asic ecustions of
the thisory, teking into consijeration iomizatiou losses., (J. Fhys, USSR 1, 177, 1939).
In tml ressarch the svectrum of delta-electrons and decay electrons was calculated,
Ine DaElt TESULTS O TN1E redesrcll ure given 1n Chapter IV, where the eiergy spectrum
of particles for varicus depths are slso calcalated., Furthermore, in this chapter
the average emsrgies of the particles, as well as the logarithm of the averrge ener s
vwhich is essentlal for a more accurate estimate of ionization losses ~re chlculated.
The obteined expressions ere comparad with the resulis of other authors, partvicularly
vith Rowel's and Klapman's (Phys. Rev. 61, 41k, 1942), vwhich are calculated by means
of mmerioal integrotion. In this chapter, Purthermore, the cprroximate valus of
the influence of the Compton effect on the electrical distributicn of electrous and
rhotons are derived.

éhapt‘.er V 1s devoted to the thexry of showere in heavy elements. In the theoriles
developsd up te this time, the abscrption coefficient for photons 1s assumed to be
squal to a constant, not depending upon the energy's magnitude, Mareover, for heavy
elewents, particularly for lead, vhere tke process of shower formstion proceads --ith
specldl = iutensity, this assumption cannot be comsiderad Justified. Actually, the
absorption coefflolent of photons in lead 18 not constant, dut varles in the essential
region of energy variations three times.

Ic Chapter V ths number ¢f particles at the maximm of ths cascade curve, and
the positlion of this maximum, taking into consideration the dependence of the absorp-
tion coefficient of photons upon energy are also calculeted. The essentials of the
method are included, in the determinatior of the commsction between the position of
the maximim and ti. zumber of particles at the maximum, by +he expreesicn of the
following form:

B — [Pt et

n
—/0
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vhere n— 0, 1, 2 and P(t, E) is the function of the distribution of ‘particles
with reepect to dspth (t) and energy (»). ;

1% 1e shown that the quantity Po(BE)} for elestrons (the equilibrium energy-
distridution spectrum cf electrons) for allpractical purposss does not dspend
upon the sbsorption coefficient of photons and the remaining "mements® of P are
comparatively eimply calculated by means cf P,(E) and by the function that detor-
mines the energy dependence of the sbacrption eoefficlent of photons. .

Chapter VI discuseos the transitional effecte in cosulc rays., The transitional
offect from lead to elumimim end iron is calculsted; here it 18 asswmed that ths
layera of alumimum and irom are sufficiently fine. Because of the low energy of
the main part of the cascade electrons, even the f£ins layers of aluminum and irom
absorb & considerable part of them. This circumstance met be considered during
&ny snalyals of the ixfluence of the valls of the masuring epparatue {ocunters,

. 1onization chambers, oto.) upon the resulte of the sxpsriments.

Payticles entecing the composition of & shover do not maintein the directicne
of ths origiual particle but axe, on the contrmry, doflocted because of Rutherford
acattering. This leads to & definite distribution of Phe showsr particles with

respact to angle and space.

PThie imitial Xnstic equations of the shower electrons and photops with
respact to angle and space weye set up by Landavt (ZhEP®, 10, 1007, 1940), In this
work he also gives a method of chlonlating the msan equars angle of deflection uf
the shower perticies and &lso the "width” of the. shower (mean square spatisl

deflection).

Frasawar. in tha calculation of these magnitudes, the engle of daflection was
assumed to be Emall and icmization losses were not taken into corside,ation, rRre-
over, by virtue of the ftact that the majority of “ho perticles in the showsr posk
sessas comparatively ema)l energy, the lonizatlon losses for them assumes considwr-

adle importance.

In Chepter VII are calculated the average engles of dsflesction of the shower
particles, taking into vorkiXeration ionization lomses in the apsumption that the
ahgles of daflection are small. This assumption 18 fulfilled well for light rutter
(alr, alumimmm, etc.), vhere the ioulzation 1osses ars inciuded before the angle

of de¥lection becomes large.

Furthermore, there is found a function giving the dictribution of particles
witk respsct to snergy, depth of penstration, and the angle for the case wnere
fon’zation losees ars dieregarded and in the assurptlon that the angles of deilec-
tion are small. It ia Bhown that the function of angular distributicn ie nom-
Qausaian., This circumstence im relatad to the fluctuating character of the snbrgy

lossas in the cascade processes.

In nection 25 of Chapter VII a *unction glving the anguier dletribution of !
particles for large angles of deflaction and foi the case where lonizatica lcisee
are disregmided is found. Such a donsideration possesses significance for the case
of heavy elemsnts, lead, for exeuple, where the scattering becomes large for energles
that permit one to disregard lonization losses. The data obtained “rom these con-
siderations ie used to evaluats the influence of scattering upon the form of the

cascade curve in heavy elements.

At the end of Chapter VII, under the assumptlion that the angles of daflection
aro emall, the functions giving the angular dlstribution in spac~ during passage
of an slectron etream through a layer of matber are calculated, This is dome without
taking into consideration radiational retardation, but taking intc consideration
fonization losses. Thers, by considering that lonization lusses are absent, werodbtain,
ae an individual Poriicalar case, the distribution functions for miltiple (mi11tpla-
cation) scattering of fast eiectrons, found by Fermi and introduced in Rossl and

ca
Greisen’s summry i{Rev, of Mod., Fhys, 13; 2h0. 19h1).
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The syverages “width"™ of rascede shovers, taking into consideration ionization

losses, that is, the quantity that plays a 1e.rge rols “n the theory of Auger shwwers,

15 also celeulated in this chapter.

Sections 2 and 20 discues the : nomamitiple (nomnltiplication) scattering of
charged particies and ite Influonce upon the angular and spatisl distribution of

particlea,

The re‘fmlts in Chapter VII are obtained by -calculating the "moments™ of the
function givdng the distributi~n with respect to the varii“le t (the depth of the
ponstrated layer of metier) and the variebles theta and pom theta, whers theta is
the angle -of deflaction of the shower particles, The cther remlts are obtained
by expanding the distridbution fandtion with respect to Besssl functions in the
variable o thate or with respect to Legemdrs's functions in the varisble costheta.

Chapter VIIT disousses secomdary ghovers gensrabod by mesons. Here arp cal-
culated not only the frequency of the comparatively nsarrow showers casused ¥y the
mitual collisions of mescns with the slsctroms of the medium (donization s ern)
but also the frequency of large showers due to radiaticmal retardation of wmesons.

In the socount on ionlzation slicwers comsideration 1s given to the influence
of the meson spectram. This leads Yo an expression for the frequency of the showera
taat @1fferp greatly from the Trequercles obtained In the litersturs.

50X1-HUM

FMarthermore, an enalysls of the exverimental 'latA on high pulses and & comparison ‘

of this data with theoreticel Results 1s carried out., A quantitative comparison of
the theoretical valuws of the frequency of large siowers (1n the assumptica that
thn wmagon anir 1a sarn) with tha arnarimantai Asta ~f Rcheds  and G411 (Rav  AF

., Phys. 11, 267, 1939) is also derived.

From this comparative study it fellowed that the experimental dsta was in full
agreement with the amsumption that large pulses at mea level srs ganerated by.means
of radiational retardation of zero-spin mesons, The sume conclusion was reached
earlier by Clriety and Kusaks (Phys. Rev. 59, 4lk, 1941) on the basia of mors com-
plicated ard lose fine considerations. Tue caloulatinme of Chakrabarty (Indian
Journ. of Phye. XVI 377, 1942), who arrived at a directly opposite conclusionm,
appear to be erronoove, as shown section 32,

Chepter VIII also discusses the influence of rzdiational retardatlo. upon
the abasczption of mesone undsr great thicknesses of matier.
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